A considerable level of D-serine (a free D-amino acid) was discovered, surprisingly, in the mammalian brain in the early 1990's. Since then, D-serine has been considered to be a co-agonist of glutamate at the glycine site of NMDA receptors. D-serine is synthetized by racemization of L-serine in most neural and non-neural cells, and modulates a variety of physiological functions in mammals.
Introduction
Until 1992 it was believed that D-amino acids did not exist in substantial quantities in eukaryotes and that only L-amino acids were important for their function as protein building blocks and metabolic intermediates. However, after Hashimoto et al. (1992) discovered the presence of free Dserine in rat brain, the study of D-amino acids in the body acquired relevance for investigation. In 1999, Wolosker et al. purified a soluble enzyme from rat brain that catalyses the direct racemization of L-serine to D-serine (Wolosker et al., 1999) . Further investigations showed that D-serine plays an important role in the central nervous system as an endogenous ligand for the glycine site of glutamate N-Methyl-D-Aspartate (NMDA) receptors . Since then, the role of D-serine has been extensively studied in the central nervous system (Gundersen et al., 2015; Bardaweel et al., 2014) . In addition to the central nervous system, NMDA receptors have an important function in the modulation of physiological processes in peripheral tissues (Gill and Pulido, 2001 ). Thus, investigations on the functions of D-serine in the peripheral nervous system, as well as the visceral organs, have gained attention in recent years. In this review we summarize the current knowledge on the role of D-serine in peripheral tissues.
Cell expression, synthesis and degradation of D-serine
D-Serine synthesis is attributed to Serine Racemase (SR), which catalyses the synthesis of D-serine from L-serine (Wolosker and Mori, 2012) . SR is localized in different tissues of the central nervous system, as well as peripheral tissues (Xia et al., 2004) . In the periphery, SR mRNA has been found in the heart, skeletal muscle, kidney, liver (Xia et al., 2004) , lower oesophageal sphincter (Ghasemi-Kasman, Dehpour, & Mani, 2012) , corpus cavernosum (Ghasemi et al., 2010) , chondrocytes (Takarada, et al., 2008) , osteoblasts (Takarada et al., 2012) and skin (Inoue et al., 2014) .
In addition to performing the racemization reaction, Foltyn, et al. (2005) found that SR is also involved in the elimination of D-Serine through α-β elimination activity, generating pyruvate and ammonia. D-serine metabolism is also regulated by allosteric modulators, such as ATP. Foltyn, et al. (2005) found that ATP had moderate effects on the partitioning between racemization of L-serine and α-β elimination, favouring α-β elimination and stimulating its efficiency 10-fold. Previous experiments (De Miranda, et al. 2002) revealed that the complex Mg-ATP acts as a physiological cofactor that stimulates 5 to 10 times the rates of racemization and pyruvate production. In general, this data demonstrates the involvement of ATP in modulation of SR function.
In addition to modulation of D-serine level by SR, D-amino acid oxidase (DAAO) is another enzyme that can degrade D-serine in both the central nervous system as well as peripheral tissues.
DAAO was first discovered in 1935 by Sir Hans Krebs (Krebs, 1935) whilst performing experiments on the metabolism of amino acids in porcine kidney. Western blot analysis of DAAO has shown high levels of DAAO protein in the cerebellum, however, no DAAO has been detected in the frontal cortex, hippocampus or striatum, suggesting that DAAO may regulate D-serine levels in the cerebellum only (Horio et al., 2011) . DAAO protein was also found to be expressed at high concentrations in the kidney of wild type (WT) and SR knockout (SR-KO) mice (Horio et al., 2011 ), but was not detected in other tissues, such as the lower oesophageal sphincter (Ghasemi-Kasman et al., 2012) , corpus cavernosum (Ghasemi et al., 2010) , bone cells (Takarada et al., 2012) or mouse liver (Konno et al., 1997) . Thus, both SR and DAAO play an important role in the regulation of Dserine concentration in tissues.
D-serine and human diseases
After D-serine was discovered in the rat brain (Hashimoto et al., 1992) , further studies investigated its effects in the central nervous system. It was found that neural cells synthesize D-serine from Lserine through SR. SR is abundantly expressed in glial cells, but both neurons and glial cells are involved in D-serine synthesis (Ehmsen et al., 2013) . Furthermore, studies revealed that brain D-serine is a physiological co-agonist of glutamate, almost as potent as glycine, which acts on the key neurotransmitter receptor NMDA for its full activation . Had D-serine been discovered sooner in the mammalian brain, then the glycine site on the NMDA receptors would probably have been named 'D-serine site' instead. NMDA receptors are essential for excitatory synaptic transmission involved in physiological pathways, such as learning and memory, which are linked to long-term synaptic plasticity in the hippocampus caused by Long-Term Potentiation (LTP) . Yang et al. (2003) demonstrated that astrocyte-derived D-serine was required to induce LTP in an NMDA receptor-dependent manner.
NMDA receptor activity is highly regulated, since its over-activation leads to neurotoxicity, as seen in pathological conditions, such as stroke and neurodegenerative diseases (Kemp and McKernan, 2002) . Experiments in rat brain cell cultures showed that neuronal D-serine accounts for a significant fraction of NMDA receptor-mediated neurotoxicity in addition to glia contribution with the production of growth factors and regulation of extracellular glycine levels (Kartvelishvily, et al. 2006 ).
Furthermore, D-serine may play a role in the pathophysiology of neuropsychiatric disorders, such as schizophrenia, which may be linked to NMDA receptor hypo-function .
Studies in genetic and pharmacological animal models with decreased D-serine levels have shown that these animals displayed behavioural abnormalities similar to those seen in schizophrenia (Labrie et al., 2012) . Moreover, exogenous administration of D-serine and related compounds improved several phenotypes relevant to schizophrenia, which could have positive clinical implications in humans (Labrie, Wong, & Roder, 2012) . Tsai, et al. (1998) antipsychotics, which may be due to its selective action at the NMDA-glycine site. Therefore, D-serine could be considered as a therapeutic approach for schizophrenia, which is different from the dopaminergic approach. However, further clinical trials are required to confirm the efficacy of D-serine therapy. D-serine role in central nervous system disorders also involves chronic epilepsy, in which low D-serine levels may lead to a deficiency in NMDA receptor activation, synaptic plasticity and cognitive function. Thus, the administration of exogenous D-serine may normalise NMDA receptor function and treat cognitive dysfunction seen in epilepsy (Klatte et al., 2013) . It has been shown that serum levels of serine enantiomers are higher in patients with depression (Hashimoto et al., 2015) and that D-serine levels are also higher in Alzheimer´s disease (Madeira et al., 2015) . Therefore, D-serine has the potential to be used clinically as a novel biomarker or treatment for some neuropsychiatric disorders.
Although the function of D-serine within the central nervous system has been studied extensively (Bardaweel et al., 2014) , details of its role in peripheral organs remain to be uncovered. It is important, given the fact that SR is expressed in peripheral tissues. Thus, any intervention that involves elevation or inhibition of D-serine concentrations in the management of neuropsychiatric conditions, may have unwanted side effects on peripheral organs (e.g. nephrotoxicity). The focus of this review is on our current understanding of the role of D-serine in peripheral tissues.
D-serine Concentration in the Peripheral Tissues
Apart from neural tissues, D-serine has been detected in plasma as well as peripheral organs. Horio et al. (2011) , studied the contribution of SR in D-serine synthesis in peripheral tissues by comparing Dserine levels in SR-KO and WT mice. Their data showed that D-serine levels in the kidneys, testes and muscles were significantly lower in SR-KO mice compared to WT mice. Whereas, D-serine concentrations in the liver, spleen, pancreas, epididymis, heart, lungs and eyeballs did not differ from those found in SR-KO mice. In addition, serum levels of D-serine were not different between WT and SR-KO mice, suggesting that the presence of D-serine in the blood may not contribute to the different levels of D-serine observed in various peripheral organs (Horio et al., 2011) . Thus, other pathways of D-serine production may exist in mammalian tissues; however, this is an area that needs further investigation.
Although it has been found that SR is the main catalytic pathway of D-serine in the brain, other sources of D-serine production could be possible within the brain or they could also originate from the periphery. In addition it is important to consider that D-serine poorly diffuses through the blood-brain barrier as its transporters saturate at certain D-serine concentration in the blood (Pernot et al., 2012) . Since both D-serine and glycine are co-agonists for NMDA receptors, the relative concentration of these two amino acids is important for the contribution of D-serine in modulation of NMDA receptors. Horio et al., (2011) quantified the concentrations of D-serine and glycine in different peripheral organs as well as serum in mice. They showed that the relative concentration of glycine/Dserine ratio is ~1000, 300, 160 and 110 in serum, kidney, liver and heart, respectively. This indicates that solid organs have higher relative concentration of D-serine than extracellular fluid.
Furthermore, experimental models used for the study of D-serine in tissues are mainly performed in SR-KO mice. However, other experimental models such as LEA/SEN rats have been studied to understand the role of DAAO in mammals. These rats (LEA/SEN rats) are natural mutants that lack DAAO (Hamase et al., 2010) and exhibit high plasma and urinary D-serine levels. Therefore, these rats have the potential to be used for the study of the role of D-serine in the peripheral tissues (Miyoshi et al., 2011) . The function of D-serine in peripheral organs has been a subject of research for the last decade and most of these studies have used either pharmacologic or molecular biology approaches to uncover the function of D-serine in peripheral organs. The current knowledge on Dserine function is described in the following sections.
D-serine in the kidneys
Evidence for the involvement of D-serine in renal physiology is based on experimental studies in rats (Ma, et al., 2008) and mice (Sasabe et al., 2014) . Sasabe et al. (2014) reported that only a minor fraction of D-serine is reabsorbed by mouse nephrons, while most L-serine is reabsorbed in physiological conditions. The same investigators showed that DAAO is mainly expressed in proximal epithelial cells, and that inactivation of this enzyme has a significant effect on plasma levels of Dserine in mice. Thus, the kidneys play an important role in the degradation, as well as excretion of circulating D-serine.
In addition to excretion and degradation, there is evidence to suggest that D-serine is synthetized in rat kidneys. SR is predominantly expressed in rat renal pelvis and medulla. Immunostaining studies demonstrated that the intrapelvic expression of SR was in the smooth muscle layers of the renal pelvis and, to a lesser extent, in the uroepithelial cells (Ma, et al., 2008) . Furthermore, the existence of Dserine derived from SR, and its interaction with NMDA receptors may play a role in the reno-renal reflex. It was reported that GluN1 (a NMDA receptor subunit) is expressed in afferent nerves in the renal pelvis and, particularly, in the fibrous structures between the uroepithelial and smooth muscle layers (Ma, et al., 2008) . Ma et al. (2008) demonstrated that NMDA receptors are involved in the renal reflex control of body fluid, since the blockade of NMDA receptor by MK-801 caused a decrease in urine output and sodium excretion. Furthermore, experiments showed that intra-pelvic administration of D-serine caused an increase in afferent renal nerve activity and substance P release, with no effects on systemic arterial pressure (Ma, et al., 2008) . Overall, this study provided evidence that, under physiological conditions, the increase of intra-pelvic pressure causes activation of the Dserine/NMDA pathway, which in turn acts as mechanoreceptor to allow the influx of Ca ++ and substance P release that induce arterial sensory nerve activation (Fig. 1) .
Two decades before the discovery of endogenous D-serine in mammals, it was known that injection of exogenous D-serine negatively affects the anatomy and physiology of the kidneys inducing nephrotoxicity leading to extensive necrosis of the proximal tubules (Ganote et al., 1974) .
Although the mechanism of such nephrotoxicity is not well understood, it was hypothesized that the metabolism of D-serine in the proximal tubules may produce a toxic byproduct in the proximal tubular cells. As discussed above, renal DAAO activity is detected exclusively in proximal tubules and catalyzes the following reaction:
Since H 2 O 2 is a byproduct of the DAAO enzyme, the production of reactive oxygen species and tissue injury after administration of D-serine is expected. In order to test the hypothesis that DAAO is involved in D-serine nephrotoxicity, Maekawa et al., (2005) Recent data about the role of endogenous D-serine in the pathophysiology of renal insufficiency comes from a study in a rat model of lipopolysaccharide (LPS)-induced renal injury (Lin, et al., 2015) .
It was demonstrated that LPS interacts with Toll-like receptors to induce the release of cytokines, such as interleukin-1 (IL-1). IL-1 leads to the upregulation of SR and the GluN1 subunit of NMDA receptors in the kidneys. This upregulation appears to cause the over-activation of NMDA receptors in tubular cells via D-serine, which seems to induce vasoconstriction, causing poor renal perfusion and ultrafiltration. However, these effects were ameliorated by the inhibition of NMDA receptors with an MK-801 blocker, which also attenuated tubular cell damage in vivo and in vitro (Fig. 2) . Likewise, IL-1 receptor antagonism could reduce LPS-induced cytotoxicity and abrogate LPS-induced GluN1 activation, SR upregulation and D-serine secretion. Thus, the results of this study indicated that NMDA receptor hyper-function via cytokine action contributes to LPS-induced renal insufficiency, and that the blockage of these receptors may be useful for the treatment of sepsis-associated renal failure (Lin, et al., 2015) .
D-serine in the enteric nervous system
D-serine activity in other peripheral systems, such as the enteric nervous system, has also been studied. Ghasemi-Kasman et al. (2012) investigated the expression of SR and the effects of D-serine in the Non-Adrenergic, Non-Cholinergic (NANC) contraction of the isolated lower oesophageal sphincter (LES) in rats. SR mRNA was detectable using RT-PCR, and SR protein presence was confirmed by Western blot analysis. However, further studies are required to determine the cell type that expresses SR in rat LES. Furthermore, DAAO was not detected in rat LES using RT-PCR, which leads to consider other ways of D-serine degradation.
In organ bath studies of LES strips incubated with D-serine, it was demonstrated that NANC contraction increased after applying electrical field stimulation to the LES strips. This effect was reduced by an NMDA receptor inhibitor (MK-801), which shows that D-serine effects are mediated by NMDA receptor (Ghasemi-Kasman, Dehpour, & Mani 2012), (Fig. 3) .
Likewise, incubation of isolated LES strips with L-serine caused the same effects as D-serine in NANC contraction. This effect was prevented by SR inhibition. Nevertheless, SR inhibition had no significant effects on NANC contraction in response to electrical field stimulation, which indicates that D-serine may not be compulsory for NMDA receptor-dependent neurotransmission in rat LES.
Thus, glycine may act as co-agonist of glutamate at the NMDA receptor in rat LES when D-serine is absent. Results from this study also showed that incubation with D-serine did not affect NANC relaxation, but further studies are required to indicate if D-serine is able to enhance the release of substance P in LES during contraction (Ghasemi-Kasman, Dehpour, & Mani, 2012) .
D-serine in corpus cavernosum
Regarding studies in other organs, it is known that NANC relaxation of corpus cavernosum plays a crucial role in penile tumescence (Rajfer, et al., 1992) . Although it was shown that NMDA receptors are expressed in corpus cavernosum (Gonzalez-Cadavid, et al., 2000) , the role of D-serine was not studied in corporal relaxation until recently (Ghasemi et al., 2010) . Organ bath studies showed that neurogenic relaxation increased when incubating rat corpus cavernosum with D-serine, but not Lserine. RT-PCR and Western blot analysis also provided evidence for the expression of SR in rat corpus cavernosum. Immuno-gold electron microscopy demonstrated that SR is localized in the cavernosal nerve membrane in rats (probably the Schwann cells) (Ghasemi et al., 2010) . However, there has been no evidence of DAAO expression in corporal tissues and, therefore, further studies on D-serine degradation are required. (Fig. 4) . The role of D-serine/NMDA receptor in modulating neurogenic relaxation of rat corpus cavernosum may be important for the treatment of impotence and may explain the therapeutic value of ketamine (an NMDA receptor antagonist) in the clinical management of priapism (Uriioersrty and Linda, 1985) . Takarada, et al., (2008) investigated the role of SR in the regulation of chondrogenic differentiation in tibia cartilage of neonatal rats. They showed that all chondrocytic layers, including proliferating, pre-hypertrophic and hypertrophic chondrocytes, expressed SR. Moreover, chondrogenic ATDC5 cells were cultured to assess the effect of SR overexpression in cartilage.
D-serine in cartilage and bone physiology
ATDC5 cells are used as in vitro model of chondrocyte mineralisation, which allows the study of endochondral ossification (Newton et al., 2012) . The experiment in these cells showed that overexpression of SR could negatively regulate cellular differentiation and maturation through the inhibition of SOX9 transcriptional activity (Fig. 5 ). SOX9 is a transcription factor essential in mesenchymal progenitor cells for their differentiation into chondrocytes. SOX9 is also important for the inhibition of chondrocyte hypertrophy (Ikegami et al., 2011) .
In another study Takarada et al., (2009) reported that prolonged exposure to D-serine of cultured rat costal chondrocytes leads to a significant decrease in alkaline phosphatase activity, as well as chondrocytes maturation. More importantly this report provided evidence that D-serine acts as an antagonist of glycine at the NMDA receptor in the cartilage (which is composed of GluN1 and GluN3A subunits). This report is particularly important as it gives a different view of D-serine/glycine interaction at the NMDA receptor in the cartilage, in comparison with the nervous system (Fig. 5) .
Findings of D-serine's action in chondrocytes led to further investigations on the role of D-serine in bone cell biology (Takarada et al., 2012) . Cultured rat calvarial osteoblasts and cultured mouse tibial and femoral osteoclasts were studied. It was found that SR mRNA is only expressed in osteoblasts, but not in osteoclasts, and DAAO mRNA is not present in either of these bone cell cultures. Likewise, it was found that D-serine is present in osteoblasts, but not in osteoclasts. A sustained exposure to Dserine had no effects in osteoblastogenesis, since it did not affect alkaline phosphatase activity and Ca ++ accumulation in the osteoblasts. However, it affected osteoclastogenesis by inhibiting the differentiation and maturation of cultured osteoclasts in a concentration dependent manner. These findings gave rise to the idea that D-serine may be released from osteoblasts to suppress cellular differentiation of adjacent osteoclasts through inhibition of extracellular L-serine uptake in a competitive manner (Fig. 6 ).
D-serine in the skin
The study of D-serine synthesis and its influence on the physiological function of the skin has been performed in SR-KO and wild type mice (Inoue et al., 2014) . SR protein expression was detected by immunoblotting. SR protein was found to be present in the epidermis of wild type mice, but not in the epidermis of SR-KO mice. Moreover, SR immune-reactivity was identified only in the granular and cornified layers of wild type mice epidermis.
The synthesis of D-serine from L-serine in keratinocytes was also identified from cultures.
Results showed that D-serine concentrations were higher in wild type mice than in SR-KO mice, while L-serine concentrations remained almost unchanged. In addition, the concentration ratio of Dserine to total serine was significantly higher in wild type cells than in SR-KO keratinocytes, regardless the addition of L-serine (Inoue et al., 2014) .
Furthermore, the expression levels of mRNAs and proteins involved in the differentiation of keratinocytes, such as involucrin, TGase3 and K10, were examined by RT-PCR and immunohistochemistry. The results showed that expression of all these markers was significantly higher in SR-KO mice than in wild type mice. These findings imply that SR is involved in the terminal differentiation of keratinocytes. Moreover, the effects of SR deletion in the barrier function of the skin were determined by an assay of barrier recovery. This demonstrated that SR-KO mice exhibited lower recovery rates than wild type mice after type stripping. Therefore, SR is important for the formation of the epidermal barrier in mice. No gross histological abnormality in the skin was found in SR-KO mice after haematoxylin-eosin staining (Inoue et al., 2014) . In summary, SR and Dserine are required for the differentiation and maintenance of the physiological function of the skin (Fig. 7) .
D-serine in the liver
Although the expression of serine racemase has been demonstrated at both mRNA and protein levels in rat liver, its function in hepatic physiology has remained unclear (Ghasemi et al., 2010; Ghasemi-Kasman, Dehpour, & Mani, 2012) . Horio et al., (2011) reported that D-serine is detectable in mouse liver homogenates, and that levels of D-serine in liver samples are not significantly different when SR-KO mice are compared with WT animals. Since mice do not express DAAO in their liver (Konno et al., 1997) , this report suggests that other pathways of D-serine production/degradation may exist in mouse liver. In addition, it is not known which cell type (i.e. hepatocytes, hepatic stellate cells, Kupffer cells or neural cells) is involved in D-serine production or metabolism in the mammalian liver. Recent studies have illustrated a role for NMDA receptors in cell growth in hepatocyte-derived cancer cells lines, such as HepG2 cells (Yamaguchi et al., 2013) . For instance,
Yamaguchi reported that functional NMDA receptors are expressed in hepatocellular carcinomas and that the FOXO (forkhead box, class O) pathway is involved in the growth inhibitory effects of MK-801 (an NMDA receptor blocker) in culture. FOXO pathway plays a role in the regulation of cancer cell growth and it is known as a tumour suppressor. In the liver, FOXO pathway is involved in cell proliferation and metabolism (Yamaguchi et al., 2013 ). It appears that the glutamate/NMDA pathway is involved in hepatocellular carcinoma growth; however, the role of either glutamate co-agonists (i.e.
D-serine or glycine) has not been investigated in this context.
Conclusion
Recent studies 
